Neuronal migration is an essential developmental step in the construction of the vertebrate nervous system, but the extracellular signals involved in initiating and regulating neuronal movement remain unclear. Here we report the identification of a novel astrocyte-derived migration-inducing activity (MIA). Using an in vitro assay, we show that MIA induces the migration of olfactory bulb interneuron precursors, increasing the number of migrating cells and the distance they move. We established quantitative criteria to distinguish between the biological effects of inducers, inhibitors, repellents, and attractants on migrating cells and used them to compare the effects of MIA with those of Slit, a putative repulsive guidance cue. Our analysis demonstrates that, by themselves, MIA induces and Slit inhibits migration from subventricular zone explants. However, when presented together with MIA, Slit acts as a repellent. This study shows that glial cells play a critical role in initiating and modulating the movement of neuronal precursors through the release of a diffusible protein. Moreover, this study provides evidence that the guidance of migrating neuronal precursors is an integrative process, resulting from the cooperation of distinct extracellular factors, and that the function of Slit is context dependent.
Neuronal migration is an essential developmental step in the construction of the vertebrate nervous system, but the extracellular signals involved in initiating and regulating neuronal movement remain unclear. Here we report the identification of a novel astrocyte-derived migration-inducing activity (MIA). Using an in vitro assay, we show that MIA induces the migration of olfactory bulb interneuron precursors, increasing the number of migrating cells and the distance they move. We established quantitative criteria to distinguish between the biological effects of inducers, inhibitors, repellents, and attractants on migrating cells and used them to compare the effects of MIA with those of Slit, a putative repulsive guidance cue. Our analysis demonstrates that, by themselves, MIA induces and Slit inhibits migration from subventricular zone explants. However, when presented together with MIA, Slit acts as a repellent. This study shows that glial cells play a critical role in initiating and modulating the movement of neuronal precursors through the release of a diffusible protein. Moreover, this study provides evidence that the guidance of migrating neuronal precursors is an integrative process, resulting from the cooperation of distinct extracellular factors, and that the function of Slit is context dependent.
Key words: neuronal migration; chain migration; olfactory bulb; subventricular zone; Slit; astrocytes Neuronal migration, the movement of neuronal precursors from their birthplaces in the proliferative layers to their ultimate locations in the mature brain, is a critical step in the development of the vertebrate nervous system. Neuronal migration is most likely regulated by different types of extracellular signaling molecules that cells encounter as they migrate. Identification of these signals would illuminate the mechanisms involved in the construction of the nervous system and the mechanisms of pathogenesis of brain diseases in which migration has been implicated, such as epilepsy, schizophrenia, and mental retardation (Aicardi, 1994; Raymond et al., 1994; Jones, 1995; Uher and Golden, 2000) .
The migration of interneurons from the anterior subventricular zone (SVZ) (Luskin, 1993) to the olfactory bulb provides a useful system to study the cellular and molecular mechanisms that regulate neuronal migration. These neuronal precursors migrate tangentially through a distinct pathway within the SVZ called the rostral migratory stream (RMS), and this migration occurs throughout life (Lois and Alvarez-Buylla, 1994) . Migrating cells in the RMS are closely associated with one another, forming elongated cell aggregates resembling chains (Rousselot et al., 1995) . Three-dimensional reconstruction by serial section electron microscopy and immunocytochemistry revealed that astrocytic processes surround migrating neuroblasts, forming "tubes" around them (Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997) . The migrating neuroblasts make contacts with one another, forming specialized zonula adherens-like junctions (Lois et al., 1996) . Because these junctions are not observed between neuroblasts and surrounding glia, it has been proposed that neuroblasts migrate along each other rather than on the ensheathing astrocytes (Lois et al., 1996) . The role of astrocytes in the migration of these neuronal precursors remains unclear (O'Rourke, 1996) .
Several extracellular molecules are involved in neuronal migration in the RMS. Mice lacking the polysialyated form of the neural cell adhesion molecule (PSA-NCAM) have reduced olfactory bulbs, presumably attributable to reduced migration (Tomasiewicz et al., 1993; Chazal et al., 2000) , and enzymatic removal of polysialic acid (PSA) from NCAM in SVZ explants results in decreased migration (Ono et al., 1994; . In addition, altering Eph receptor tyrosine kinase signaling appears to disrupt the proliferation and migration of neuroblasts in the SVZ (Conover et al., 2000) . Finally, Slit, a secreted protein that interacts with Robo receptors (Brose et al., 1999; Li et al., 1999) , has been proposed to act as a repellent for migrating SVZ cells, because cells from SVZ explants migrate away from localized sources of Slit (Hu, 1999; Wu et al., 1999; Chen et al., 2001) .
To further characterize the cellular and molecular mechanisms that regulate neuronal chain migration and to determine the role of glia in this process, we studied the migration of olfactory bulb neuronal precursors in vitro. We developed a cell culture paradigm in which neuronal precursors migrate from SVZ explants in chains that are remarkably similar to those observed in vivo. Using this system, we found that astrocytes release a soluble protein called MIA, for migration-inducing activity, which induces neuronal migration. Moreover, we found that Slit, a protein reported to repel migrating cells, is a potent inhibitor of migration. Quantitative analyses of the effects of Slit and MIA show that neither of these molecules act primarily as a chemoattractant or chemorepellent, but it is only their combination that leads to repulsion. Thus, the biological context determines how different types of regulatory molecules affect migrating cells. This study demonstrates a previously unknown function for glia in initiating and enhancing the movement of neuronal precursors and suggests that the repulsion of migrating cells within the RMS results from cooperation between distinct extracellular factors.
MATERIALS AND METHODS
SV Z e xplant cultures. Olfactory bulbs from postnatal day 3 (P3) to P7 L ong-Evans rats were removed in ice-cold PBS and sectioned coronally (200 m) with a tissue chopper (Stoelting Inc., K iel, W I). From each section, the SVZ was identified by its translucent appearance, dissected, and cut into several pieces. E xplants were subsequently plated on tissue culture dishes coated either with poly-D-lysine (PDL) (25 g/ml; Collaborative Research, Bedford, MA) or in gels of Matrigel (Becton Dickinson, Cockeysville, MD) diluted 1:2 in DMEM-F12 medium (Life Technologies, Gaithersburg, MD) supplemented with penicillin/streptomycin, and L-glutamine. The medium was supplemented with either 10% serum (5% fetal bovine serum and 5% horse serum) or serum-free additives (N2 or B27; Life Technologies). Care and handling of animals was in accordance with institutional guidelines.
Ultrastructural anal ysis. Forty-eight hours after plating, cultures were fixed in 2.5% glutaraldehyde, 1.25% formaldehyde, and 0.03% picric acid in 0.1 M cacodylate buffer, pH 7.2. Specimens were embedded in a mixture of Epon and Araldite, and light gold thin sections were stained with uranyl acetate and lead citrate. Photographs were obtained using a Jeol (Peabody, M A) 1200EX electron microscope.
Immunoc ytochemistr y. SVZ explants and chains were fixed for 10 min in 4% paraformaldehyde, rinsed in PBS, blocked, and permeabilized with 3% BSA plus 0.1% Triton X-100 in PBS for 1 hr at room temperature and incubated with primary antibodies. T wo monoclonal antibodies against neuron-specific class III ␤ tubulin [T uJ1 and class III ␤ tubulin from Sigma (St. L ouis, MO)] were used to identif y neuronal precursors (1:1000 in 3% BSA plus 0.1% Triton X-100 in PBS overnight at 4°C). Rabbit anti-GFAP antibodies (Dako, High Wycombe, UK) were used to identif y astrocytes (1:500 in 3% BSA plus 0.1% Triton X-100 in PBS overnight at 4°C). Samples were then washed with PBS and incubated with anti-mouse C y3 (1:500 dilution) and anti-rabbit IgM-BODI PY (1:250 dilution) secondary antibodies (Molecular Probes, Eugene, OR) for 1 hr at room temperature. Nuclei were stained with Hoescht 33342 (Molecular Probes). Samples were washed in PBS, mounted in 1:1 PBS/glycerol, and photographed on an inverted microscope (Eclipse TE300; Nikon, Tokyo, Japan).
Cell culture. C erebellar granule neurons and astrocytes were purified from P4 -P6 rats as described by Rio et al. (1997) . Astrocytes from the SVZ were isolated by removing olfactory bulbs from P3-P6 rats, hemisecting them longitudinally, and dissecting out the SVZ. The tissue was treated with trypsin (1 mg /ml; Sigma) for 30 min at 37°C and then triturated with fire-polished glass pipettes in HBSS containing 2 mg /ml BSA, 1 mg /ml DNase, 30 mM glucose, and 1 mg /ml soybean trypsin inhibitor (STI). Dissociated cells were plated on plates coated with PDL (25 g /ml). C ells were passaged two times to remove any contaminating neurons and identified as glia by GFAP staining. P4 rat myoblasts were purified according to the protocol of Rando and Blau (1994) . P4 rat skin fibroblasts were dissociated by treatment with collagenase -dispase at 37°C for 30 min, followed by trituration with fire-polished glass pipettes.
Preparation of conditioned media. DM EM-F12 medium was conditioned for 48 hr on 75% confluent primary cell cultures. The following media were conditioned: medium alone; medium supplemented with 5% fetal bovine serum and 5% horse serum; medium supplemented with B-27 (Life Technologies); or medium supplemented with N2 (Life Technologies). Media were then filtered with 0.2 m filters and added to SVZ explant cultures after 2:1 dilution with the appropriate fresh medium. For explants cultured in Matrigel, equal parts of Matrigel, fresh medium, and concentrated conditioned medium (C M) were added. For concentrated conditioned medium 10 and 50 kDa molecular weight cutoff concentrators (Amicon, Beverly, M A) were used.
Trypsinization of astrocyte-conditioned medium (AC M) was achieved by adding 0.5 mg /ml trypsin (Worthington, Freehold, NJ) to AC M, incubating for 30 min at 37°C, and finally adding 1 mg /ml STI (Worthington). In control samples, STI was added just before trypsin and incubated as above. Samples were then filtered using 0.2 m filters and added to SVZ explants diluted 2:1 with fresh medium.
SV Z-astroc yte monolayer cocultures. For SVZ explant-astrocyte cocultures on PDL -coated plastic, astrocytes purified from the SVZ or cerebellum were plated as a monolayer at densities of 10,000 or 50,000 cells per well in 24-well tissue culture dishes (Costar, C ambridge, M A). After 24 hr, SVZ explants were added to the astrocyte cultures, and migration distances were measured after appropriate incubation times.
Anal ysis of migration on PDL. Migration was quantified by measuring the maximum distance that cells had moved away from the perimeter of each explant at 1 or 2 d in vitro (DIV), depending on the experiment. At least 20 explants were used for each treatment.
SV Z ag gregate cocultures in Matrigel. Aggregates were prepared from cerebellar astrocytes, control human embryonic kidney-293 (H EK), and H EK cells expressing Xenopus-Slit (x-Slit) cells by resuspending 10 6 cells in 180 l of Matrigel (diluted previously 1:2 with fresh medium). Each aggregate was plated (six-well plates; Costar) and incubated overnight. The following day, SVZ explants were dissected and placed in fresh Matrigel surrounding the previously plated aggregates. Migration was analyzed between 8 and 24 hr after the SVZ explants were plated. Because Slit has been reported to be effective at repelling cells only over short distances, explants located 1 mm or closer to aggregates were analyzed. E xplants and the cells migrating from them were visually hemisected into proximal and distal halves relative to their location to aggregates. Using the 20ϫ objective, cells were counted from the proximal and distal halves of the explants. Astrocytes were maintained in culture for no more than 2 weeks after initial purification because, at later times, their migration-inducing activity was greatly reduced.
RESULTS

Chain migration from SVZ explants
When SVZ explants from the olfactory bulbs of early postnatal rats were plated onto PDL-coated tissue culture dishes in serumcontaining medium, migrating cells could be observed exiting most explants within a few hours of plating. Forty-eight hours later, migrating cells were organized in chains up to 400 m long that displayed a remarkably constant width (4 -20 cells) ( Fig. 1 A) . The chains emanating from the SVZ explants shown in Figure 1 A were examined with an electron microscope. As observed in vivo (Doetsch and Alvarez-Buylla, 1996; Lois et al., 1996; GarciaVerdugo et al., 1998) , primarily two types of cells, neuroblasts (type A) and glia (type B), were identified in the chains in vitro. Type A, with electron-dense cytoplasmic staining, was the most abundant type ( Fig. 1 B, C, all unlabeled cells). Type B cells, the glial cells with electron-lucent cytoplasmic staining, were seen in all sections but with lower frequency (Fig. 1 B, C) . To confirm the identity of the migrating cells, we stained the chains at different times, from 1 to 4 DIV, with cell-specific antibodies. Antibodies against the neuron-specific class III ␤ tubulin isotype stained almost all cells in the chains and in the main bodies of the explants at all time points (Figs. 2, 3 ). Although EM analysis indicated that glial cells might be in the chains as early as 48 hr after plating, strong GFAP staining was only observed in the tissue after 3 DIV, suggesting that the early glial cells (type B) are astrocyte precursors. The number of GFAP-positive cells was small, but they formed a complex network of processes within the chains (Fig. 2) .
Screening known factors for modulation of neuronal migration from SVZ explants
In an effort to identify signals that may regulate neuronal migration, we screened numerous candidate growth factors and drugs for their ability to enhance or inhibit neuronal migration (Table  1) . We tested the involvement of several molecules that have been implicated in neuronal migration, including neuregulin (Anton et al., 1997; Rio et al., 1997) , neurotrophins (Brunstrom et al., 1997) , PDGF 998) , and netrin (Bloch-Gallego et al., 1999; Yee et al., 1999; Alcantara et al., 2000) . We also considered as candidates factors that, together with their receptors, are expressed in the RMS, e.g., hepatocyte growth factor/ scatter factor (HGF/SF) (Thewke and Seeds, 1996) . Some of these factors had effects on the SVZ explants similar to those reported for other cell types. For example, HGF/SF induced neurite outgrowth from cells in the SVZ explants (data not shown), which has also been observed in spinal cord and neocortical explants (Ebens et al., 1996; Hamanoue et al., 1996) . None of the factors tested possessed migration-inducing activity or blocked migration. Although our screen was not exhaustive, several candidate molecules can be excluded as inducers of neuronal migration in this assay. Arrowheads point to the chains of migrating cells, and arrows mark cells migrating in "sheets." Scale bar, 300 m. The explants were fixed, and the chains were processed for transmission electron microscopy. Longitudinal ( B) and cross-sectional ( C) views were examined. Two cells types were detected: cell type A (not labeled), the most abundant, with electron-dense nuclei that are presumably neuroblasts; cell type B, with electronlucent nuclei that are presumably glia. Scale bar, 4 m. 
Astrocytes enhance the migration of neuronal precursors from SVZ explants
Because none of the molecules tested appeared to have the ability to influence chain migration in vitro, we searched for a physiologically relevant source of such an activity. Most neuronal migrations occur in close association with glial cells, and we showed previously that radial glia play an active role in facilitating the movement of neurons along their surface (Rio et al., 1997 ). Therefore, we tested whether purified astrocytes affected neuronal migration from SVZ explants. Cocultures of SVZ explants with astrocytes purified from either the RMS or the cerebellum showed that astrocytes dramatically affect migration (Fig. 3) . In a dose-dependent manner, astrocytes from both the RMS (n ϭ 54 explants) and the cerebellum (n ϭ 21 explants) lead to an increased number of migrating SVZ cells and greatly enhanced the distance these cells migrated compared with SVZ explants cultured alone (n ϭ 41 explants). The effect of the astrocytes was fast, leading to the migration of large numbers of neurons in Ͻ24 hr, a time when little migration was seen under normal conditions (Fig. 3A) .
Astrocyte-conditioned medium promotes the migration of SVZ neuronal precursors
It was apparent that direct contact between SVZ explants and astrocytes was not required for increased neuronal migration because the increase occurred even when astrocytes were placed at a distance from the explants. This suggested that astrocytes might enhance migration through the release of a soluble factor. Therefore, we tested the ability of ACM to influence neuronal migration under different culture conditions. First, SVZ explants were cultured in serum-free medium, conditions that do not support migration, and were treated with serum-free ACM. Whereas very few explants in defined medium showed neuronal migration, addition of ACM resulted in a 10-fold increase in the probability of migration, with most explants displaying robust migration (Fig. 4 A) . Several lines of evidence suggest that the lack of migration in serum-free medium was not the result of reduced cell viability. First, when explants were maintained in serum-free medium for 1 week, cells within the explants continued to proliferate (data not shown). Second, explants displayed extensive neurite outgrowth after several days in culture (data not shown). Third, cells from explants plated directly in serum-free medium could be induced to migrate by adding serum 2 d after plating. In this case, the percentage of explants with migrating cells 48 hr after the addition of serum was similar to that observed from explants plated directly in serum and scored after 2 DIV (75%; n ϭ 64).
We then tested the effects of ACM on explants cultured in medium containing 10% serum to determine whether the activity in ACM regulated other aspects of migration besides initiation. Under these conditions, almost all explants displayed migration in both the absence or presence of ACM, but treatment with ACM led to a dramatic increase in the distance cells migrated (Fig. 4 B) and in the number of migrating cells. The effects of ACM on migration were dose dependent, and maximal activity resulted in a twofold increase in the distance cells migrated away from the explants. Astrocytes promote neuronal migration from SVZ explants. A, SVZ explants were plated on tissue culture dishes alone or in the presence of glia (10,000 or 50,000 astrocytes per well). After 1 DIV, explants were fixed and labeled with antibodies against class III ␤ tubulin. Scale bar, 100 m. B, The mean maximum distance of migration was calculated for SVZ explants in the absence or presence of astrocytes purified from either the RMS or cerebellum. In the presence of 50,000 astrocytes per well, cells from SVZ explants moved more than three times as far as cells in the absence of additional glia ( p Ͻ 0.0001). Glia purified from either the RMS or cerebellum (Cb) are equally capable of promoting migration from SVZ explants. The error bars represent SEM. Bone morphogenic protein-7 50 ng/ml Ciliary neurotrophic factor 50 ng/ml Brain-derived neurotrophic factor 100 ng/ml Neurotrophin-4 10, 100, 500 ng/ml Epidermal growth factor 10, 50 ng/ml Endothelial cell growth factor 20, 100 ng/ml Keratinocyte growth factor 10, 100 ng/ml Glial-derived neurotrophic factor 20 ng/ml Granulocyte colony stimulating factor 10 U/ml Granulocyte-macrophage colony stimulating factor 10 U/ml Hepatocyte growth factor/scatter factor 100 ng/ml Leukocyte inhibitory factor 10 ng/ml Insulin-like growth factor-1 5, 50, 100 ng/ml Platelet-derived growth factor B/B 5, 10, 20, 100, 200 ng/ml Retinoic acid 100 nM Stem cell factor 50 ng/ml Transforming growth factor-␣ 5, 50 ng/ml Transforming growth factor-␤1 10 ng/ml Tumor necrosis factor-␣ 5 ng/ml Leupeptin 100 mM High potassium (KCl) 25 mM Tetraethylammonium 10 mM 2-Amino-5-phosphono-valerate 100 mM Tetrodotoxin 1 mM -Conotoxin 1 M, 1 mM Forskolin 5 M Pertussis toxin 100 ng/ml All treatments were tested for changes in migration in serum-containing and serumfree medium (1 and 2 DIV). None of the treatments led to significant changes in migration.
Because serum alone was sufficient to support migration, it was important to determine whether ACM contained the same activity as serum. To test this possibility, we measured the distance of migration in medium containing different serum concentrations (5, 10, and 20%) and found the same level of migration under all conditions. Addition of ACM enhanced migration independent of the serum concentration (data not shown). We therefore concluded that the activity in ACM is distinct from factors present in serum. Moreover, only ACM (n ϭ 125), not medium conditioned by rat cerebellar granule neurons (n ϭ 61 explants), fibroblasts (n ϭ 70 explants), myotubes (n ϭ 78), or HEK-293 cells (see below), resulted in increased migration compared with untreated control explants (n ϭ 101) (Fig. 4 B) .
To characterize the nature of the astrocyte-derived molecule(s) that modulates neuronal migration, we tested whether the activity in ACM can be destroyed by protease treatment. Serumfree ACM was treated with trypsin, and after addition of STI, this medium was combined with fresh serum-containing medium and added to explants. As a control, the STI was added to the CM before the trypsin. Trypsinization completely abolished the migration-inducing activity in ACM (total number of explants: control, 71; untreated ACM, 91; trypsinized ACM, 89; STI plus trypsin plus ACM, 91) (Fig. 4C) , indicating that the activity reflects the function of a protein. Furthermore, by ultrafiltration we found that the molecule responsible for the activity appears to be larger than 50 kDa. Together, these results suggest that astrocytes release a soluble protein, MIA, of molecular weight larger than 50 kDa that induces and enhances neuronal migration from SVZ explants. Moreover, this activity appears to be specific to astrocytes because it is not found in medium conditioned by other cell types.
The role of MIA in guiding migrating neurons
The experiments described above suggest that MIA induces neuronal migration and may contribute to the initiation and maintenance of neuronal movement. The pathway olfactoryinterneuron precursors must travel in vivo is long, and it has been proposed that repulsive and attractive signals contribute to their navigation. Therefore, it was important to determine whether MIA also acts as an attractant, regulating the direction of migration. This could be tested by assessing the effects of a point source of MIA on migration from SVZ explants within a threedimensional gel matrix, as has been done for molecules that direct axonal pathfinding (Tessier-Lavigne et al., 1988) .
Measurement of the number and distribution of migrating cells should distinguish between four biological effects on migration: induction, inhibition, attraction, and repulsion (Fig. 5 ). Induction and inhibition should result primarily in a change in the number of migrating cells; attraction and repulsion should lead to a change in their distribution. The effects of an inhibitor and a repellent (or an attractant and an inducer) may be similar in some regards. For example, an inducer and an attractant may lead to more migration from the proximal side. Nevertheless, these activities should be clearly distinguishable by the following criteria. A repulsive signal should decrease migration only toward its source, whereas an inhibitor should decrease migration in all directions; an attractant should increase migration only toward its source, whereas an inducer should increase migration in all directions. Furthermore, the number of cells moving away from a repellent could remain constant or increase, but not decrease. Using these quantitative criteria, we set out to further characterize the effects of MIA and to compare its effects with those of Slit, a putative repulsive guidance cue (Hu, 1999; Wu et al., 1999) . SVZ explants were plated within Matrigel gels in the proximity of aggregates of cerebellar astrocytes, HEK cells, or x-Slit-HEK cells, and the number of migrating cells in the proximal and distal hemispheres were quantified. As reported previously, Slit leads to asymmetric migration, resulting in more cells migrating from the distal side of the explant (Fig. 6 A) . In contrast, migration from . Astrocytes release a trypsinsensitive factor that induces and increases neuronal migration. A, ACM increases the percentage of SVZ explants with migrating cells in serum-free conditions after 2 DIV ( p Ͻ 0.0001; 11 independent experiments). B, Medium conditioned by astrocytes (ACM ) but not by cerebellar granule cells (GCM ), fibroblasts (FCM ), or myotubes (MCM ) increases the distance of migration from SVZ explants after 1 DIV ( p Ͻ 0.012 for comparison of ACM with all other treatments; averages from 3 independent experiments). C, The migration-inducing activity present in ACM is abolished by trypsinization ( p Ͻ 0.004). When STI was added before trypsin, the increase in neuronal migration from SVZ explants was equal to that in untreated ACM ( p ϭ 0.55; averages from 3 independent experiments). The error bars represent SEM. explants in proximity to HEK cells or cerebellar astrocytes appeared symmetric (Fig. 6 A) . To our surprise, measurement of the number of migrating cells showed that proximity to x-Slitexpressing cells resulted in a reduced number of total migrating neurons ( p Յ 0.02) (Fig. 7, left) . The Slit-induced reduction in migration occurred on both sides of the explants ( p Ͻ 0.04), but the decrease was larger in the proximal quadrant (threefold more cells in the distal side; p ϭ 0.0001) (Fig. 7, middle and right) . In contrast, proximity to astrocytes resulted in an increase in the total number of migrating cells ( p ϭ 0.01) (Fig. 7, left) , with no significant differences between the proximal and distal sides. (Fig.  7, middle and right) . These results are consistent with MIA acting as an inducer and Slit as an inhibitor of migration.
Slit inhibits migration independent of a concentration gradient
It has been proposed that repulsive guidance cues require a concentration gradient to function. In contrast, an inhibitor should act even when presented in a uniform concentration. To distinguish to what extent Slit functions as an inhibitor of migration rather than as a repellent, we measured the effects of a uniform concentration of Slit protein on the migration from SVZ explants plated in Matrigel gels. Explants were plated in Matrigel gels containing medium conditioned by x-Slit-expressing cells (n ϭ 31), and migration was compared with those exposed to HEK-CM (n ϭ 29) or ACM (n ϭ 31). As expected, migration from the explants was symmetric under all conditions (data not shown). However, the effects of the conditioned media were remarkably similar to the effects observed in the cocultures. Whereas addition of ACM induced an increase in the number of migrating cells, Slit-CM led to a reduction in migration (Fig. 8 A) . In addition, increasing amounts of Slit-CM resulted in increasingly fewer migrating cells (Fig. 8 B) , indicating that the concentration amount of Slit protein determines the level of inhibition. Thus, Slit appears to act as an inhibitor of migration of SVZ cells, and this inhibition occurs independent of a gradient in the concentration of Slit protein.
Slit-induced asymmetry correlates with Slit-induced inhibition of migration
The experiments described above showed that Slit can lead to inhibition of migration and to repulsion. To determine whether these effects are linked to one another or whether each one is a distinct biological effect of Slit that occurs at different concentrations, we measured the effects of Slit on explants cultured near cell aggregates containing different numbers of Slit-producing cells. Similar to the dose-dependent inhibition observed with Slit-CM, we found that increasing the number of Slit cells in the aggregates (from 5 ϫ 10 4 to 10 6 cells per aggregate) led to increasingly greater inhibition (Fig. 9A) . Even with few Slitexpressing cells in the aggregates (50,000), the total number of cells migrating from SVZ explants was reduced by Ͼ60%. The effects of the aggregates on the direction of migration were also dose dependent, with migration becoming increasingly polarized when more Slit-producing cells were included in the aggregates (Fig. 9B) . However, in contrast to the inhibition, the effects of aggregates containing 50,000 Slit-producing cells on the direction of migration were much smaller (Ͻ30%). Thus, Slit-induced inhibition is more pronounced at lower concentrations than Slitinduced asymmetric migration. These results suggest that Slit acts primarily as an inhibitor of SVZ neuroblast migration and that Slit-mediated asymmetric migration is caused by the different concentrations of Slit on the proximal and distal sides of explants that differentially inhibit cell movement. These findings suggest that directional movement can be generated in response to a localized source of an inhibitor rather than strictly resulting from the action of repellent.
Combination of MIA and Slit in the appropriate spatial configuration leads to directed neuronal migration
Slit has been reported to be expressed by cells in the septum , a region that is caudal to the RMS, whereas MIA is secreted by glial cells that are present throughout the migratory pathway. Thus, cells migrating within the RMS would be simultaneously exposed to a uniform concentration of MIA and a posteroanterior decreasing concentration gradient of Slit. We hypothesized that together these molecules might direct neuronal migration from the SVZ to the olfactory bulb in vivo and that the spatial distribution of these signals may be critical for their function.
To test this hypothesis, we compared the behavior of migrating neurons in vitro when presented with a point source of Slit, a uniform concentration of MIA, or simultaneously with a uniform concentration of MIA and a point source of Slit. As in previous experiments, SVZ explants cultured in the presence of Slit aggregates alone displayed reduced migration that was biased away from the source of Slit, whereas explants bathed in ACM alone displayed increased but symmetric migration. Surprisingly, when both MIA and Slit were present, the number of cells migrating from explants was similar to that observed in ACM alone, but most cells migrated away from the Slit source (Fig. 10A) . The pattern of migration observed in the combinatory treatment was not attributable to the loss of one of the activities. The degree of asymmetry was similar in explants cultured with Slit aggregates or with Slit aggregates plus ACM (67.3 and 66.1% migrate from the distal sides, respectively), showing that Slit was active. In addition, the total number of migrating cells was similar to that observed in cultures with ACM alone, showing that MIA was also active (Fig. 10B) . Thus, it appears that, in the presence of MIA, Slit acts to redistribute the mass of migrating cells away from the source of Slit without altering the total amount of migration. Moreover, the number of cells migrating from the distal side of explants in the Slit plus ACM conditions was greater than the average number of cells migrating in one hemisphere of explants treated with ACM alone ( p ϭ 0.035). This suggests that Slit, in the presence of ACM, induces cells that would normally be present on one side of an explant to move to the opposite side. .007 and p ϭ 0.001, respectively) . B, Slit decreases migration from SVZ explants in a dose-dependent manner. SVZ explants were cultured in Matrigel containing different amounts of Slit-CM for 11 hr. The number of cells migrating from SVZ explants was correspondingly reduced with increasing amounts of Slit-CM. Maximal levels of Slit resulted in a Ͼ20-fold decrease in the number of migrating cells compared with control explants. The error bars represent SEM. Thus, the combination of MIA and Slit exert a bona fide chemorepulsive action on SVZ neurons in which the overall amount of migration is constant as well as directed.
DISCUSSION
Our results show that the migration of RMS neuronal precursors can be regulated in at least three ways, by induction, inhibition, and repulsion, demonstrating that these are distinct biological processes. Furthermore, we identified some signals involved in these processes. Astrocytes stimulate the migration of SVZ cells through the release of a protein-activity (MIA) with an apparent molecular weight Ͼ50 kDa, whereas Slit exerts the opposite effect and inhibits their movement. Moreover, these two molecules together, when presented in the appropriate spatial distribution, lead to repulsion. Although it has been suggested that attraction by the olfactory bulb is not involved in the rostral movement of neurons to the bulb Jankovski et al., 1998; Kirschenbaum et al., 1999) , this possibility should be explored further. In vivo, these molecules may regulate neuronal migration in several ways. MIA may help to initiate the movement of precursors away from the germinal layer and to maintain their movement within the RMS. Slit, expressed outside the RMS, may inhibit neuronal movement and thus prevent the migrating cells from entering inappropriate brain regions. Finally, the combined action of both signals within the RMS may bring about proper neuronal migration, by leading to repulsion away from the septum, the source of Slit .
Our SVZ explants differ from those used by others in that we dissected the tissue from the most anterior part of the RMS in which it enters the olfactory bulb (SVZ ob ), whereas other studies obtained the explants from the SVZ bordering the lateral ventricle and septum (SVZ a ) Wichterle et al., 1997; Wu et al., 1999) . To ensure that our new findings on the effects of Slit on migration are not attributable to differences in the cellular composition of the explants and whether MIA stimulates migration along the entire migratory pathway, we repeated our experiments with SVZ a explants. We found that MIA and Slit have the same effects on SVZ a and SVZ ob explants, indicating that MIA and Slit have the same functions all along this migratory pathway.
Although the identity of MIA remains unknown, our screen has excluded some important candidates. PDGF, which has been shown to induce the movement of cortical neuronal precursors (Forsberg-Nilsson et al., 1998) , did not affect migration in our assay. Western blotting showed that the ACM does not contain Netrin-1, a chemoattractant that has been implicated in some forms of nonradial migration (Bloch-Gallego et al., 1999; Yee et al., 1999 , Alcantara et al., 2000 , and Netrin-1 did not affect migration from explants cultured on PDL. HGF/SF , which has been shown recently to induce the migration of interneurons (Powell et al., 2001) , also failed to modulate the migration from SVZ explants on PDL. The data presented above do not rule out the possibility that the activity is attributable to more than one protein, as in the case of the MAX factor, which is the combination of BDNF and neurotrophin-3 (O'Connor and TessierLavigne, 1999) . However, preliminary experiments using chromatography suggest that MIA is the result of a single protein.
MIA is produced by astroglia purified from the RMS and the cerebellum, and preliminary experiments show that cortical astroglia also produce it. Moreover, ACM induces the migration of cortical neuronal progenitors in Boyden chambers (M. Sobeih and G. Corfas, unpublished observations) and increases the migration of cerebellar granule neurons on radial glial fibers in vitro (J. M. Peyrin and G. Corfas, unpublished observations). These observations suggest that glial cells, through the release of MIA or similar proteins, directly regulate the migration of all neuronal precursors, including those that move along radial glia.
Our results show that a point source of Slit has two distinct effects on migrating SVZ neuroblasts: (1) the number of migrating cells decreases, and (2) migration becomes asymmetric and biased away from the source of Slit. One explanation for these findings is that Slit is a dual modulator of neuronal movement, capable of both inhibiting and repelling migrating SVZ neuroblasts. An alternative explanation is that Slit functions primarily as an inhibitor of neuronal migration and that asymmetries in cell Figure 10 . In the presence of ACM, Slit repels migrating neurons from SVZ explants without reducing cell number. A, Explants were cultured in Matrigel in the proximity of aggregates of x-Slit-expressing cells (left), Matrigel with ACM (middle), or both (right). The dashed lines indicate the location of the aggregates relative to the explants. Migration was asymmetric in the presence of x-Slit-expressing cells. When Slit was presented alone, very few cell migrated, but robust migration away from the Slit source was observed when ACM was also present. B, Quantification of migration from explants cocultured near x-Slit-expressing aggregates (Slit Agg), with ACM, or both (Slit Agg ϩ ACM ). The number of cells migrating from the proximal and distal sides of explants plated with Slit aggregates alone were significantly less than those from explants plated with Slit plus ACM. Moreover, the total number of cells migrating in ACM alone or Slit plus ACM was the same, but their distribution was different. Thus, in the presence of ACM, Slit changes the direction of migration without affecting the number of migrating cells. distribution follow as a consequence of the localized differences in its concentration. Several lines of evidence support the latter. First, although many guidance molecules require a concentration gradient to produce an effect, Slit-mediated inhibition occurs even at uniform concentrations in our assay. Second, Slit inhibits migration from SVZ cells in a dose-dependent manner, with increasing amounts of Slit leading to increasingly greater inhibition. Third, Slit-mediated asymmetries in migration are always observed in conjunction with Slit-induced inhibition, whereas inhibition can be seen independently of asymmetry. These data are consistent with a model in which directionality is determined by a gradient in the concentration of a dose-dependent inhibitor.
Additionally, our results show that the effects of Slit on migration depend on the biological context in which it is presented. When presented alone, either in a uniform distribution or in a concentration gradient, Slit inhibits neuronal movement. However, when Slit is presented in conjunction with MIA, repulsion of migrating SVZ neuroblasts is observed. Similarly, several recent studies in axon guidance have highlighted the importance of the interplay between signaling pathways in determining specific cellular responses to guidance cues. For example, the activation of the Slit receptor Robo1 acts to silence the responsiveness of a cell to netrin through the binding of the cytoplasmic domain of Robo1 to the cytoplasmic domain of the netrin receptor DCC (deleted in colorectal cancer) (Stein and Tessier-Lavigne, 2001 ). In addition, recent studies have demonstrated that the effects of guidance cues can be converted from attractive to repulsive or vice versa by changes in the intracellular levels of cGMP and cAMP (Song et al., 1998) . Thus, the actions of extracellular guidance cues are not defined by an inherent activity but by interactions with other extracellular and intracellular signals. Once MIA and its receptor are identified, it will be interesting to determine the interactions between Slit and MIA signaling pathways.
Our in vitro system of explants plated on PDL recapitulates essential features of neuronal chain migration in adult tissues, with neurons migrating in chains containing astrocytes that generate complex networks of processes within the chains. In contrast, when plated in Matrigel, most chains have a one to two cell diameter (what we call "single-file" migration), many neurons migrate individually, and glial cells are not present throughout the chains (Wichterle et al., 1997) . Matrigel contains many extracellular matrix molecules, such as collagen, laminin, and heparan sulfate proteoglycans (Kleinman et al., 1982) , that may provide sufficient support for SVZ neuronal migration in the absence of glia. Nonetheless, MIA dramatically increases migration from SVZ explants in Matrigel, indicating that SVZ neuronal precursors respond to astrocyte-derived cues even in this extracellular matrix-rich environment.
In vivo studies showed the presence of continuous glial tunnels in the anterior SVZ in adult rodents (Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997) , but no GFAP-positive cells associated with the migrating neuronal precursors were observed in early postnatal stages (Law et al., 1999) . Although this could be interpreted as evidence that early postnatal chain migration occurs in the absence of astrocytes in vivo, it is likely that immature astrocytes or astrocyte precursors are present in the SVZ but were not detected because of a lack of GFAP expression. GFAP is expressed by mature astrocytes but not in immature ones (Schnitzer and Schachner, 1981; Bovolenta et al., 1984; Pixley and de Vellis, 1984) . Moreover, our experiments provide additional support for this. First, SVZ explants in culture express little to no GFAP at early time points (1-2 DIV), although robust GFAP immunostaining is observed after 3 DIV, suggesting that cells with potential to express GFAP are present in postnatal SVZ explants. Second, analysis of the chains by electron microscopy showed cells with features of astrocytes (type B cells) after 2 DIV, before these cells express GFAP. Together, these findings suggest that immature astrocytes or astrocyte precursors exist in the SVZ of postnatal animals and may promote neuronal chain migration through the secretion of MIA.
Neuronal migration can be viewed as a special set of neuronglia interactions. There is increasing evidence that extracellular signals produced by both cell types are necessary for migration to occur. Migrating neurons, for example, use the growth factor neuregulin to instruct glia to assume a radial morphology and to be supportive of neuronal movement (Anton et al., 1997; Rio et al., 1997) . Similarly, this study suggests that glial cells, through the release of MIA, may be instrumental in initiating the movement of neuronal precursors away from the germinal layers, an event for which there is yet no clear explanation. Identification of the protein responsible for this activity, its neuronal receptor, the intracellular signaling mechanisms by which they regulate neuronal movement, and the signals that regulate their expression and function may provide an understanding of basic mechanisms that regulate initial steps in the formation of the vertebrate brain.
